A low profile flexible miniaturized tri-band frequency surface is proposed by cascading three layers of periodic arrays. The top and bottom layers have the same square patch structure embedded in the bending gap, whereas the middle layer has an interlaced metal grid structure. The medium between each layer is made of flexible polyimide material with a thickness of only about 0.2mm. The coupling of the three metal layers gives rise to a first X-band passband, with a central frequency of 10.6 GHz. The interlaced metal grid structure generates a second K-band passband, with a central frequency of 24.1GHz. The two-layer symmetrical planar cascade structure produces double-peak resonances at 39.4 GHz and 46.2 GHz, forming a third millimeter-wave passband. Compared with the traditional tri-band FSSs, due to the combination of bending technology and multi-screen cascade technology, the reported structure generates the first and second passbands with miniaturization and good angle stability, and the third passband with rectangular filtering characteristics. Besides fabrication and tests, the corresponding equivalent circuit model is also established in order to analyze the transmission characteristics. The test results are well compatible with the simulation results.
I. INTRODUCTION
A frequency selective surface (FSS) is a two-dimensional periodic structure consisting of metal patch elements, or aperture elements, periodically arranged on a dielectric surface [1] . It acts as a kind of spatial filter, which can transmit or reflect different frequencies of electromagnetic (EM) waves [2] - [5] . FSSs are widely used in various bands of the EM spectrum, such as radome bandpass filters, frequency separators, polarization separators for satellite communications, and artificial magnetic conductors [6] - [8] . With the rapid development of modern communication technology, miniaturization and multi-frequency FSSs have become a research hotspot. In particular, FSSs with miniaturized and multi-band transmission characteristics are desired for increasing the communication capabilities of satellite platforms [8] , [9] . In recent years, researchers have proposed The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller . a variety of methods for designing frequency selective planes with miniaturized and multi-band transmission features, such as bending technology, interleaving technology, complementary technology, and multi-screen cascade technology [10] , [11] .
Ref. [12] reports on a novel miniaturized tri-band frequency selective surface based on complementary meandered structures and complementary grid structures, which allow the designed FSS to transmit different frequency signals at 3.3, 4.5 and 5.4 GHz, while reflecting signals at 4.0 and 4.9 GHz [12] . In Ref. [13] a miniaturized FSS for X/Ku/Ka bands is proposed, using interleaved Y-slot and Y-patch structures, which can reduce the periodic unit to 0.12 λ [13] . In 2016, Mingbao Yan designed a highly selective triband frequency-selective surface based on three-layer metal cascade composed of G-DSL and DSL elements,which has good angle stability [14] . In Ref. [15] , Mudar Al-Joumayly proposed a low profile frequency selective surfaces (FSS) with second-order bandpass responses,which uses interdigital VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ capacitive patches to further reduce the periodic cell size to 0.22 λ [15] . In this paper, a novel three-screen cascaded FSS applied in X-band, K-band, and millimeter-band is designed. The proposed structure takes advantage from the fact that multiscreen cascaded FSS structures have better high frequency stability, especially in terms of angle stability and polarization stability. The top and bottom layers are symmetrical doublescreen structures, which are formed by inserting bending slots in the square patch, and an interlaced metal grid structure is used in the middle layer. The structure shows three passbands: X-band, K-band, and millimeter-band. It is noteworthy that the size of the first and second passbands is 0.12 λ and 0.22 λ respectively. the third passband is generated by symmetrical double screens, resulting in good second-order bandpass characteristics. The selected base medium is flexible polyimide material, and the layers are bonded through the film. The total thickness of the FSS structure is only 0.2 mm, which has the advantages of low profile and easy equipment conformal. In addition, the equivalent circuit model is established according to the filtering theory in this paper. Finally, verification tests are performed and the experimental data well agree with simulation results.
II. DESIGN OF THE STRUCTURE
The design process of the proposed FSS structure is divided into two steps: the first step is the design and analysis of the initial FSS, and the second step is the improvement and optimization of the initial structure.
A. THE FIRST STEP:THE DESIGN AND ANALYSIS OF THE INITIAL FSS
The initial FSS consists of three layers of metal plane, as shown in Fig. 1(a) . The top and bottom layers are composed of square ring and square patch, as shown in Fig. 1 (b) and the middle layer, as shown in Fig. 1(c) , is cross grid structure. The dielectric layer consists of a polyimide layer with dielectric thickness h 1 (ε r1 = 3.5, tan δ 1 = 0.005 and µ r1 = 1). and an adhesive layer with thickness h 2 (ε r2 = 3, tan δ 2 = 0.0035 and µ r2 = 1). The detailed geometrical parameters of the Initial FSS are listed in TABLE 1.
The transmission characteristics of the Initial FSS at normal incidence are shown in Fig. 2 . The structure has two transmission passbands: the first passband (-3dB bandwidth: 10.4-13.0 GHz) and the second passband (-3dB bandwidth:36.6-45.8 GHz). The frequency of the transmission pole of the first pass band is 11.8 GHz. The second pass band has two transmission poles with frequencies of 37.8 GHz and 45.2 GHz respectively.
According to the theory of equivalent circuit,the equivalent circuit model of initial FSS is shown in Fig. 3(a) . The top and bottom layers are equivalent to a parallel L-C circuit (L 1 and C 2 ) in series with a capacitor C 1 (the external square ring contributes to the inductance L 1 , whereas the gaps g and g 1 provides the capacitors C 1 and C 2 , respectively). The middle layer can be modeled by a inductance L 2 . According to transmission line theory, the free space air layer, the dielectric and the bonding layer are equivalent to transmission lines with characteristic impedances Z 0 , Z 1 , and Z 2 , respectively
are equivalent transmission line lengths. As the thickness (h 2 ) of the bonding layer are relatively small, h 2 is neglected in the calculations. The dielectric layer (h 1 λ) can be simplified as inductance L T (L T = µ 0 µ r1 h 1 ). The first passband is generated by the coupling of the three metal layers, it depends on C 1 and L 2 , and it is independent of the parallel part of L 1 -C 2 . The corresponding equivalent circuit model is displayed in Fig. 3(b) . The resonant frequency of the first band (f p1 ) can be calculated by the equation (1):
The second passband is mainly generated by a secondorder bandpass filter formed by a symmetrical double-screen structure. The equivalent circuit is changed to two resonators (L 1 − C 2 ) connected in series by a inductor L m , which is transformed from T-type network (L T , L 2 , L T , L 1 ) to π -type(L 1 , L m , L 1 ) network (see Fig. 3(c) ). The equivalent impedance of this structure [12] is given by equation (2):
Obviously, Z has two poles, which are consistent with the simulation results discussed in the above section (see Fig. 2 ). The two resonant frequencies of the second band (f p2 and f p3 ) can be expressed by the following equation:
The equivalent circuit parameters of the initial structure.
The equivalent circuit method is an effective and simple method to analyze the FSS with regular pattern. The next step is to approximate the equivalent circuit parameters from the initial structure parameters(see Table 1 ). The calculation formulas of equivalent circuit parameters of some similar FSS structures is applied and verified in [14] and [16] . The following equations show the relationship between the structural parameters and the equivalent circuit parameters of the initial structure.
where
, ε eff = 0.5 (ε r + 1), λ is the wavelength of the incident wave. The calculation formula of F is analyzed and summarized in [17] , [18] , which represents the normalized capacitance and inductance of strip patch. After calculation by formulas (5)-(8), the equivalent circuit parameters of the initial structure are shown in TABLE 2. As shown in TABLE 2, the difference between the calculated value of pole frequency of the first passband and the simulation result is 1.9 GHz, and the difference between the calculated value of two pole frequencies of the second passband and the simulation result is 0.3 GHz and 7.0 GHz respectively. Among them, the calculated value of the high frequency pole frequency of the second pass band has a large deviation. There are two main reasons:one is that the calculation formula of equivalent circuit parameters is approximate, the other is that the dielectric loss is not considered.
B. THE SECOND STEP:the improvement and optimization
The proposed FSS structure is improved on the basis of the initial FSS by using bending technology, interleaving technology, and multi-screen cascade technology. The top and bottom layers have the same symmetrical structure, which is composed of meandered gaps as shown in Fig. 4(a) . The middle layer is a crossed metal grid structure improved by bending technology as shown in Fig. 4(b) . The medium material used in the proposed FSS is the same as the initial FSS. The detailed geometrical parameters are listed in TABLE 3. The equivalent circuit of the proposed FSS is shown in Fig. 5 , which is basically similar to the initial structure. The analysis and calculation methods of the first pass band and the third pass band are similar to the above parts, so only the second pass band is analyzed here. The middle metal layer is equivalent to a parallel L-C circuit (L 2 and C 3 ). the resonance frequency calculation equation is given by equation (9).
Because the circuit parameters of irregular figures calculated by formula method are not accurate enough, the equivalent circuit parameters are extracted by the circuit simulation software, where L 2 = 20.6pF, C 3 = 2.0pF f cal p2 = 27.1GHz. It can be seen that the deviation between calculation frequency and simulation frequency (f sim p2 = 24.1GHz, see in Fig. 6 ) is 3.0 GHz.
III. SIMULATION RESULTS AND ANALYSIS
The proposed multi-layer FSS is simulated and optimized by full-wave simulation software HFSS (ANSYS Inc., Canonsburg, PA). In this section, the filtering characteristics of the structure are verified by simulation, and the effects of incident wave angle and structure parameters on the transmission characteristics of the proposed FSS are analyzed.
The transmission characteristics of the proposed FSS at normal incidence are shown in Fig. 6 . Clearly, there are three passbands: in X-band, K-band, and millimeterband. The central frequencies of X-band and K-band are 10.6 GHz and 24.1 GHz, whereas -3dB bandwidth is 4.9 GHz (8.2-13.1 GHz) and 4.1 GHz (22.4-26.5 GHz), respectively. The third millimeter-wave passband has the filtering characteristics of ''flat top'' and ''sharp cut-off''. Two transmission poles with frequencies of 39.4 GHz and 46.2 GHz, respectively, can be clearly observed. The -3dB bandwidth is 9.1 GHz (37.9-47.0 GHz). Meanwhile, a low value of -2.0 dB is formed in the third passband at 43.7 GHz, since the doublescreen structure does not meet the ideal critical coupling conditions.
In order to verify the angle and polarization stability of the reported FSS, the simulation is also aimed to evaluate the effects of incident angle(0 to 60 degrees incidence angle range) and polarization direction on the transmission characteristics.
For TE polarization, as observed in Fig. 7(a) , as the scanning angle changes from 0 • to 60 • , the center frequency of the first passband increases by 1.3 GHz. The -3dB bandwidth of the second passband decreases by 1.4 GHz. Meanwhile, the depth of the valley in the third passband increases with the increase of the scanning angle. For TM polarization (see Fig. 7(b) ), with the increase of the scanning angle, the first passband and the second passband have good stability, and their -3dB bandwidths increase by 1.2 GHz and 0.8 GHz, respectively. At the same time, when the incident angle is larger than 30 degrees, there is a mode interaction zero between the basic mode and the first order odd mode near 43.0 GHz. Fig. 8 shows the effect of changing the interlaced metal grid width w (i.e., the equivalent capacitance L 2 ) on the transmission characteristics (vertical incidence). When w changes from 0.12 mm to 0.16 mm the center frequencies of the first and of the second passbands shift to higher frequencies, i.e., from 10.2 GHz to 11.6 GHz, and from 23.4 GHz to 24.6 GHz, respectively. The low-frequency transmission pole of the third passband shifts to higher frequencies as well, whereas the high-frequency transmission pole almost remains unchanged, and the -3dB bandwidth reduces from 9.8 GHz to 8.6 GHz. Clearly, a change in w can affect the transmission characteristics of three passbands.
The influence of the internal bending gap width g 1 (i.e., the equivalent capacitance C 2 ) on the transmission characteristics is shown in Fig. 9 . When g 1 changes from 0.14 mm to 0.18 mm, the transmission characteristics of the first passband are almost unchanged, while the center frequency of the second passband shifts from 22.6 GHz to 24.5 GHz. The transmission poles of the third passband shift to higher frequencies, and the -3dB bandwidth of the passband increases from 8.5 GHz to 10.1 GHz. The results clearly indicate that the gap width g 1 mainly affects the transmission characteristics of the second and third passbands. Fig. 10 shows the influence of the periodic cell spacing width g (i.e., the equivalent capacitance C 1 ) on the top and bottom layers. It can be seen that when g increases from 0.12 mm to 0.17 mm, the central frequency of the first passband increases from 9.2 GHz to 10.7 GHz, whereas the second passband and the third passband almost keep unchanged. It can also be seen that g only affects the first passband and has no effect on the second and third passbands, so the first passband can be adjusted independently. Fig. 11 shows the influence of the thickness (h 1 ) of the dielectric layer on the transmission characteristics. When the thickness (h 1 ) increases from 0.06 mm to 0.1 mm, the center frequency of the first passband decreases from 10.8 GHz to 9.8 GgHz, and the -3dB bandwidth increases from 4.8 GHz to 5.2 GHz respectively. the center frequency of the second pass is shifted to the high frequency, which is 23.7 GHz, 24.3 GHz, respectively, and the -3dB bandwidth is 4.1 GHz, 4.5 GHz, respectively. Although the -3dB bandwidth of the third passband is reduced from 9.8 GHz to 6.4 GHz, the passband has better flatness.
In order to illustrate the the excellence of the designed FSS, the FSS structures proposed in [12] - [15] is compared with it. As shown in TABLE 4, the miniaturization size of the structure in the first passband is similar to that in [13] , and the miniaturization degree in the second passband is similar to that in [14] , while it has the lowest profile. In addition, the structure adopts flexible medium, which can be easily conformable with the equipment.
IV. TESTING AND VERIFICATION
In order to verify the rationality of the designed FSS and the correctness of the model analysis, a prototype of the FSS, which is shown in Fig. 12(a) , is fabricated by using lithography technology. Fig. 12(b) shows the case when the designed flexible FSS is conformal to the cylinder structure. The size of the prototype is 300 mm × 300 mm and the thickness is about 0.2 mm. The medium used in the prototype is the same as that used in the simulation. A free-space transmission measurement as shown in Fig. 12(c) was carried out using an Agilent N5244A vector network analyzer. the measured frequency ranges from 5 GHz to 30 GHz, covering the first and second passbands. The experimental results and the simulation results at normal incidence are shown in Fig. 12(d) . Considering the influence of machining errors, it can be seen that the test results are basically consistent with the simulation results.
V. CONCLUSION
In this paper, a multi-band FSS for X-band, K-band, and millimeter-band is designed based on multi-screen coupling technology, and miniaturization is achieved by using bending and interleaving technologies. An equivalent circuit model and a full-wave simulation software are used for theoretical and simulation analysis, respectively. The first X-band passband is generated by coupling three screens, with a center frequency of 10.6 GHz and a -3dB bandwidth of 4.9 GHz, with a unit size of only 0.12 λ. The second K-band passband is generated by the interlaced metal mesh in the middle layer, with a center frequency of 24.1 GHz and a -3dB bandwidth of 4.1 GHz. The third passband is generated by the critical coupling of symmetrical double screens, so it has rectangular filtering characteristics. In this passband, there are two transmission poles at 39.4 GHz and 46.2 GHz, and a trough with a depth of -2.0 dB at 43.7 GHz. The -3dB bandwidth is 9.1 GHz. In addition, the structure has the advantages of low profile and easy equipment conformal. In order to verify the correctness of the design, a structural sample is fabricated and tested, and the experimental results are basically consistent with the simulation data. The proposed FSS can be of interest for the design of multi-resonant, miniaturized frequency selective surfaces.
